Abstract: The analytic hierarchy process (AHP) approach has been widely used in multicriteria decision making (MCDM). It is very difficult to meet the consistency requirement of a comparison matrix (CM) in AHP. The authors analyze the reasons for inconsistent CM in AHP and propose an improved AHP (IAHP) to improve CM consistency by using a sorting and ranking methodology. The results of comparing AHP with IAHP by MATLAB simulation show that IAHP is more suitable for solving MCDM problems when the number of elements or factors is 5 or more in MCDM. A case study is presented to illustrate the performance of IAHP when applied to risk identification during an open-cut subway construction. The application results show that IAHP is superior to AHP in terms of CM consistency, information extraction effectiveness, and convenience in practical implementation.
Introduction
The analytic hierarchy process (AHP) (Saaty 1977 (Saaty , 1986 (Saaty , 1988 Saaty and Vargas 1982; Saaty and Alexander 1989; Zahedi 1986 ) is a theory for dealing with complex technological, economic, and sociopolitical problems. It attempts to unify the modeling of realworld problems and do away with existing fragmentation where each problem tends to have its specialized model and terminology (Saaty 1991) . The use of the AHP approach (Saaty 1978 (Saaty , 1980 to assess the criterion weightings in multicriteria decision making (MCDM) has become popular in different areas of construction management, such as project management (Al-Harbi 2001; Chan et al. 2004) , contractor selection (Fong and Choi 2000; Kahraman et al. 2003; Hsieh et al. 2004; Cheng and Li 2004) , procurement (Cheung et al. 2001) , facility location determination (Yang and Lee 1997) , construction safety management (Teo and Ling 2006) , project and proposal evaluation (Su et al. 2006; Bertolini et al. 2006) , green building evaluation (Chang et al. 2007) , and technology, equipment, and material selection (Hastak 1998; Hastak and Halpin 2000; Shapira and Goldenberg 2005) . Furthermore, the AHP method has been widely applied to the field of specific construction management. Skibniewski and Chao (1992) provides an example to demonstrate the viability of the AHP in evaluating construction technology by evaluating two kinds of tower cranes. Zhang (2006) sets up a group decision AHP (G-AHP) model based on AHP. The G-AHP model is applied to the selected seven expressway construction projects in Guangdong Province, which shows their numerical effectiveness in a concrete way. Sun and Kong (2008) apply AHP for risk degree calculation in civil engineering construction. However, Triantaphyllou and Mann (1990) and Lakoff (1973) have pointed out the weakness of AHP in assessing the relative importance of various criteria. This weakness is primarily derived from two characteristics: one is comparison matrix (CM) inconsistency, and the other is the complexity of CM pairwise construction methodology. Some refinements have been proposed to improve the adaptability of the AHP method. Boender et al. (1989) and Chen et al. (1992) embedded a fuzzy method into AHP. Sugihara and Ishi (2001) also proposed a fuzzy AHP by changing the crisp value in the basic AHP matrix into a fuzzy number to deal with uncertainty in human judgment and incomplete information. However, these improvements in AHP make practical application more complicated. The main objective of this paper is to propose an improved AHP and compare this improved approach with the standard approach. The strengths and weaknesses of each approach will be discussed.
Hierarchy Construction
Decision makers (DMs) play principal roles since they define the objective, structure the problem hierarchically, and break down each level of the problem into corresponding elements. These elements are mutually related according to their attributes. Each level plays a dominant role with its adjacent subsequent level, and each forms a layer-by-layer dominant relationship from top to bottom. Following this method, the hierarchy of an open-cut construction of a subway station has been established as shown in Fig. 1 .
Pairwise Comparison
The comparison begins from the criteria levels to alternative levels using pairwise matrices in which the DMs fill each upper diagonal element with a value obtained from a scale of verbal judgments (Saaty 1980: equal, moderately, strongly, very strongly, extremely) . This scale has associated numerical values (1, 3, 5, 7, 9) and compromises (2, 4, 6, 8) between these values. The inferior triangular portion of the matrix is completed with the reciprocal judgment values in the upper triangular portion, obtaining a reciprocal matrix [considering the axioms of reciprocal, homogeneity, dependence, and expectation defined by Saaty (1991) ]. The questionnaires for collecting risk judgments in an excavation accident evaluation are shown in the appendix. Using Item 15 in the appendix as an example, "very strongly" means DM agrees with statement "B 5 is more important than B 6 " very strongly. As discussed at the top of this section, the element (B 5 versus B 6 ) in the CM is assigned a value of 7 after making this decision. Using the standard AHP (pairwise comparison) method, the CM (A) is obtained as shown in Table 1 . λ max and w Computation In the standard AHP, the priorities (w i , i ¼ 1; 2; : : : ; n) are obtained by solving the eigenvector problem:
where A = positive pairwise comparison matrix (see Table 1 ) of order n (n ¼ 6); λ max = principal eigenvalue of A; and w = eigenvector associated with maximum eigenvalue. The result w ¼ ð0.2333 0.0720 0.1294 0.4707 0.0717 0.0229Þ T is obtained from Eqs. (1)- (4): 
Consistency Test
The consistency ratio (CR) is a global measure for the consistency of pairwise comparisons. Obviously, absolute consistency (see Definition 2) in the pairwise comparison procedure cannot be expected or achieved since the numerical values are assigned based on subjective judgment. Nonetheless, it is important to ensure that the pairwise comparisons are reasonably "consistent" and the CR is a useful numerical index to gauge whether pairwise comparisons are consistent or inconsistent. On the basis of numerous empirical studies, Saaty (1980) concluded that CR less than 0.10 is acceptable (i.e., inconsistency tolerable). More recently, Saaty (1994) suggested thresholds of 5% and 8% for 3 by 3 and 4 by 4 matrices, respectively. Saaty (1980) proposed a measure of the inconsistency in judgments, called the consistency index (CI), that is given by
where n = order of matrix A. For the preceding example, CR can be determined as follows:
where RI (n ¼ 6, RI ¼ 1.26) = random index for matrices of order n. This term is defined as the expected value of the CI corresponding to matrices of order n ðRI ¼ E½CIðnÞÞ, when the judgments are simulated in the set f1=9; : : : ; 1; : : : ; 9g and the eigenvector method is used as the priorization procedure (Aguaron and MorenoJimenez 2003) . Xu (1988) obtained the random index (RI) of 1-15 order matrix using 1,000 calculations, as shown in Table 2 .
The final results are summarized in the footnote in Table 1 . For the problem under study, CR ¼ 0.365 > 0.1. Hence, the consistency of matrix A, which was constructed using the pairwise comparison method, is unacceptable.
AHP Problems
Rigorous Consistency Requirement As AHP criteria increase, DMs are likely to make inconsistent judgments during pairwise comparison because the consistency of the matrix mostly depends on whether the DMs make correct judgments among elements. When a DM makes a judgment about the importance of an element, for example, element A, the judgments (equal, moderately, strongly, very strongly, extremely) between element A and other elements (B, C, : : : ) should be correct for each pairwise comparison. However, making a correct judgment is very difficult, even for an experienced DM. For example, suppose that the DM says, "I moderately prefer A over B, and I very strongly prefer B over C." What would be the correct judgment between A and C? If he also says, "I strongly prefer C over A," this last judgment is inconsistent. In practice, the DM can select any judgment on the relationship between A and C independent of previously assigned judgments for A and B and B and C, including inconsistent ones as illustrated earlier. This is the reason the matrix (constructed by pairwise comparison) cannot meet the consistency requirement easily. Coincidentally, Ohnishi (2007) also pointed out that the results from AHP often lose their reliability because the matrix does not always satisfy the consistency requirement.
Complex Information Extraction
It is difficult to extract true judgments in the decision-making process using the AHP method. The ability to extract subjective information accurately is a key factor for deciding whether the method is valid. The DMs' perception of the problem and intuitive judgment are the preliminary source of priority setting for evaluation criteria. An effective way to obtain judgments of a complex problem is to use a questionnaire to collect different viewpoints from a number of individuals. Therefore, the validity of the results depends on the form of the questionnaire. Using the traditional questionnaire ( Fig. 2) to construct a six-order CM, the person being interviewed will need to make 15 judgments (see the first part of the Appendix). This pairwise comparison method is tedious and time-consuming, which may lead the persons being interviewed to produce distorted results. Very often, the DM is tired out by the large number of pairwise comparisons.
Improved AHP
In this section, an improved AHP (IAHP) is proposed, including a revised questionnaire and a convenient method for determining the CM. To solve the problems mentioned previously an improved questionnaire (see the second part of the Appendix) is proposed to sort all the factors by importance. The investigation workload is roughly the same, but there are several benefits in the improved questionnaire, such as considerable time savings, more accurate extraction of subjective information, and increased convenience.
IAHP Methodology
In this section, IAHP is proposed because of its simplicity and its compliance with the nine-scale principle, which is widely used regardless of the inconsistent CM associated with the classical AHP. The comparison matrix A ¼ ða ij Þ n×n is constructed according to the following algorithm: 1. Let fB i g i¼1;2; : : : ;n be a set of factors affecting a decision A, where n is the number of elements. 2. Order the factors B i according to their importance using a discrete scoring scale from 1 to 10. This will lead to a set of scores fu i g i¼1;2; : : : ;n . 3. Construct the CM according to the following ad hoc rule:
Elements Sorting
The idea of sorting and ranking elements has been proposed in previous studies. Leung and Cao (2000) rank alternatives by application of a maximum-minimum set ranking method. Wang and Chen (2008) apply fuzzy linguistic preference relations to construct a pairwise comparison matrix with additive reciprocal property and consistency. The sorting method enables the DM to keep a holistic view on the alternatives. The decision makers' judgment is enhanced by the sorting method.
Here is an example to explain the progress of sorting elements. Assume that five apples (B 1 , B 2 , B 3 , B 4 , B 5 ) are sorted by the criterion C 1 (which one is the biggest one). During the progress of judgment, the DMs pick up one element (assumed to be B 1 ), which may be the biggest one of the five elements. Then, the DMs compare B 1 to the other apples (B 2 , B 3 , B 4 , B 5 ) one by one to confirm whether B 1 is the biggest. B 1 is sorted first if the answer is "yes," and the DMs continue to find the most important one from the remaining four apples (B 2 , B 3 , B 4 , B 5 ). Otherwise, assume that B 2 is the biggest one, compare B 2 to the others (B 1 , B 3 , B 4 , B 5 ), and repeat the process of comparing B 3 to the other four, comparing B 4 to the other four, and comparing B 5 to the other four until the biggest one is found. After that, the problem becomes finding the most important one from the remaining four elements (B 1 , B 2 , B 3 , B 5 ). Then the whole progress for picking B 4 as the most important one is repeated. Using this method, all five apples can be sorted by C 1 criterion. Fig. 3 illustrates the sorting procedure.
It is obvious that each of the elements will be compared to the others while the DMs are making the judgment. So, the idea of pairwise comparison is applied during the process of sorting the apples. However, the difference between IAHP and AHP in pairwise comparison is that the judgment between two elements by AHP is quantified by nine scales, while the judgment between two elements by IAHP is sorted.
Elements Assignment
According to the importance arrangement, the value of the most important element is 10, and the least important one is 1. Using the results from the second part of the Appendix, B 4 is the most important element, so the value of B 4 is 10; B 6 is the least important element, so the value of B 6 is 1. The values of the elements, assigned by linear interpolation (see the second part of the Appendix for details), are shown in Table 3 .
CM Construction
The CMs should possess the same properties regardless of whether they are constructed by IAHP or AHP. This is a basic requirement when CM is constructed for comparison between the standard approach and the improved approach. To be specific, the values of the elements in CMs are selected from the set f1=9; : : : ; 1; : : : ; 9g, and the CMs have the properties of Definition 1 stated in the next section, according to the widely accepted nine-scale principle proposed by Saaty (1980) .
The results shown in Table 3 are used to derive the CM (A) according to the method previously mentioned. CM (A) derived from Table 3 is shown in Table 4 .
Using the method presented earlier, the CI, RI, and CR values can be calculated. From the calculated results, it is determined that the consistency of the matrix A constructed by sorting according to the importance method proposed in this paper is acceptable.
Comparison of AHP and IAHP
In this section, the performance of IAHP and AHP is compared more extensively.
For IAHP, the example in the Appendix is used to illustrate how to construct CM with the sorting method. As stated earlier, the same method is adopted to construct CM in MATLAB. For example, the number of elements is 5 (B 1 , B 2 , B 3 , B 4 , B 5 ), and they are ordered randomly so that any of the elements could be the most important Fig. 3 . Example of sorting elements one. B 1 has the same opportunity to be the most important, the second important, the third, the fourth, and the fifth. The assignment of B 1 could be any value from the set f10; 8; 6; 3; 1g. If the assignment of B 1 is 8, the value of the remaining four has to be from the set f10; 6; 3; 1g. If the assignment of B 2 is 10, then the value of the remaining three should be from the set f6; 3; 1g. If the assignment of B 3 is 1, then the value of the remaining two should be from the set f6; 3g. If the assignment of B 4 is 6, then the value of the B 5 is 3. So the result of sorting is B2 > B1 > B4 > B5 > B3. As the sorting method is used, the comparison matrix meets the CR requirements regardless of the number of elements.
For AHP, the judgment between two elements is assumed to be independent when the pairwise comparison method is used to construct the CM. In practice, an experienced user will not make fully independent judgments. For the purpose of this study, the assignment (a ij ) in CM is selected randomly from the set f9 8 7 6 5 4 3 2 1 1=2 1=3 1=4 1=5 1=6 1=7 1=8 1=9g.
Basic Concepts and Properties
Definition 1: Let A ¼ ða ij Þ be an n × n judgment matrix that has the following properties:
1. a ij > 0, i; j ¼ 1; 2; : : : ; n. 2. a ij ¼ 1=a ji , a ii ¼ 1, i; j ¼ 1; 2; : : : ; n. A is a reciprocal matrix. Definition 2: Let A ¼ ða ij Þ be an n × n judgment matrix, Ω ¼ f1; 2; : : : ; ng; if a ij ¼ a ik a kj , for each i, j, k ∈ Ω, judgment A is perfectly consistent (Xu 2000) .
Comparison Analysis
This section explains how to construct the CMs. To explain the consistency problems clearly, the relationship between consistency and the number of elements in CMs is investigated. The CMs are constructed by MATLAB with two methods, AHP (pairwise comparison) and IAHP (sorting method). To clearly explore the difference of element weights calculated by these two methods, weight analysis is performed if and only if the consistency has been satisfied.
CR Analysis
In this section, the judgments made by DMs is simulated using MATLAB. However, it is impossible to reflect actual judgments accurately by just using a computer program. So, an extreme case was assumed: none of the DMs are professional, which means they make judgments randomly. Using the discrete nine-value scale method of Saaty (1980) , 10,000 CMs are constructed in which the number of the elements ranges from 3 to 8. The value of each element in the CMs is selected from the set f9 8 7 6 5 4 3 2 1 1=2 1=3 1=4 1=5 1=6 1=7 1=8 1=9g randomly, and the CMs possess the properties of Definition 1. Then, the CR value of each CM is calculated. It is likely that the actual statistical results of the questionnaires (filled by DMs) are better than the results of stochastic simulation by using MATLAB. In other words, the percentage of CMs (constructed by actual questionnaire) that passed the test of consistency is higher than the percentage of CMs that were constructed by MATLAB. To confirm our speculation, 45 experts in the field of construction are investigated by questionnaire when the number of elements is 3, 4, 5, 6, 7, 8, 9 . Then CMs are constructed from the results of the investigation. Finally, the percentage of CMs that meet the consistency requirement is summarized in Table 5 .
When the number of elements is more than 5 (including 5), it is difficult to satisfy the consistency requirement by AHP (pairwise comparison method). The CMs constructed by IAHP (sorting method) all fulfill the consistency requirement, so the next step is weight analysis.
w Analysis About 100 CMs possessing the consistency requirement from the randomly constructed matrices by AHP method are chosen, then the weight analysis among the selected matrices and the matrices constructed by the IAHP is performed. Table 6 shows the assignment method for the elements when IAHP is applied. Regardless of the number of elements, the value of the most important element is always 10, and the value of the least important element is always 1. The values of other elements are assigned by linear interpolation. Since the value of each element is assigned randomly, the analysis is only done for one element. Figs. 4-8 show the results.
Benefits and Limitations

Benefits
The proposed IAHP is demonstrated to have three advantages for MCDM: (1) CMs consistency, (2) information extraction effectiveness, and (3) convenience in practical implementation.
CMs Consistency
In this simulation study, IAHP improved CM consistency significantly by using the sorting method to determine the CMs. Figs. 4-8 confirm that with the increase in the number of elements, the weight distributions look similar. IAHP works well because it produces the same weights as CMs (constructed by standard AHP) that satisfy the consistency requirement. Furthermore, the percent of the CMs Note: When the number of elements is 3, according to the importance, the first element's value is 10, the second one is 6, and the last one is 1.
that satisfy the consistency constructed by the IAHP is higher than constructed by the AHP (as shown in Table 5 ). Considering the w analysis, the IAHP is more applicable, especially when the number of the element is 5, or 6, or 7.
Information Extraction Effectiveness
Since the proposed IAHP does not require the DMs to perform the pairwise comparison process, a lot of effort (that is, labor costs) can be saved.
Convenience in Practice
For the foundation construction of a cut and cover subway station, two kinds of questionnaires were prepared to explore the distribution of risk sources. Experts in this field were interviewed using both forms of the questionnaire at the same time. The questionnaire made by traditional AHP (pairwise comparison method) was used to interview the expert, and then the same expert was interviewed a second time using the questionnaire made by IAHP (sorting method). An example is shown in the appendix. The weighting of each factor is shown in Fig. 9 . It is concluded that " B 4 . Pit Construction" is the most important factor that resulted in "A. Excavation Accident." Construction, design, and construction unit management are the main three factors that contribute to the excavation accident, totally accounting for 80% of the total factors. Du et al. (2010) list more comprehensive risk sources during construction of the subway station. This paper demonstrates the risks of pit construction for a more specific level. To do so, an improved questionnaire for an actual project is applied to interview an experienced engineer. Sixteen risks, which are grouped into three categories in a field of pit construction, are identified by questionnaires. More specifically, their weights are calculated by IAHP method. The list of risks and the corresponding weights are summarized in Table 7 .
Limitations
Two limitations of the proposed IAHP were identified during the course of this study. Currently, there is no good method to simulate w analysis with 8 or 9 elements that satisfies the consistency requirement. Second, IAHP is not effective when the number of elements is 3 and 4. The tentative reason is that there is a big difference of weight distribution between AHP and IAHP when the number of elements is 3 and 4. This difference is likely to be caused by the different methodology of constructing CM between AHP and IAHP. Using an example to illustrate this reason more clearly, suppose that the problem is to determine the weights of three risks (B 1 , B 2 , B 3 ) with AHP and IAHP, respectively. In AHP methodology, there is a variety of cases of judgment when a pairwise comparison method is used, including the following two results of judgments, which are (1) B 1 is moderately important when compared to B 2 , B 1 is extremely important when compared to B 3 , B 2 is strongly important when compared to B 3 , and (2) 
Conclusions
Simulation by MATLAB shows that it is more difficult to meet the requirements of consistency when the number of elements is 5 or more. IAHP is proposed to reconstruct CM by using a sorting and ranking methodology to solve the problem of inconsistency. The statistical results from actual questionnaires also confirm the simulation results. With the increase in the number of the elements, the w distribution by IAHP is similar to the w distribution by AHP, but the CMs made by the AHP method does not satisfy the CR requirement. Hence, the following suggestions are noted: (1) the traditional AHP method is recommended when the number of the elements is 3 or 4; (2) 
